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ABSTRACT 21 

Anaerobic digestion (AD) is the biological preferred treatment applied to Slaughterhouse 22 

wastewaters (SWW) due to its effectiveness. The aim of the study is to investigate the 23 

effect of different percentages of fats, oil and grease (FOG) on biomethane production in 24 
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anaerobic co-digestion with slaughterhouse wastewater using BMP tests under mesophilic 25 

conditions (35 ºC). For this purpose, three percentages of FOG from 1% to 10% were 26 

tested. Biodegradability, biomethane production and the microbial population were studied. 27 

In addition, settling capacity has been evaluated at different conditions: i) before and after 28 

anaerobic co-digestion; ii) at different temperature 25 ºC and 35 ºC. The settling rates as 29 

well as the characterization of the digestate were recorded.  Experimental results showed 30 

that all the co-digestion mixtures (FOG percentages = 1-10%) enhanced biomethane 31 

production and biodegradability compared to AD of sole SWW. The best conditions were 32 

achieved at 5-10% of FOG, showing biodegradability of 66-70% CODtremoval and specific 33 

biomethane productions of 562 and 777 mLCH4·g-1
CODsremoved, respectively. Regarding 34 

microbial dynamics, Eubacteria was reduced with the increase in %FOG but Acetate 35 

utilizing methanogens was increased. Regarding settling capacity, mesophilic temperatures 36 

(35 ºC) increased the settling rate of digestate in 1.76 times and reduced the lag-phase to 37 

0.92 min; obtaining a more concentrated sludge and leaving a clarified whose TSS 38 

represent only 8% of TS. 39 

 40 

Keywords: Anaerobic co-digestion, Fats, oil and grease (FOG) and Slaughterhouse 41 

wastewater, BMP tests, anaerobic microbial population, settling rate. 42 

 43 

1. INTRODUCTION  44 

 45 
The sustained decline of available freshwater has rearranged the objectives in the 46 

wastewater treatment field focusing on reusing and recycling instead of disposal. In this 47 

context, the whole slaughterhouse industry needs 53% of the global freshwater consumed 48 
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by the agro-food industrial sector (Bustillo-Lecompte and Mehrvar, 2015). Slaughterhouse 49 

factories produce high quantity of wastewater. According to European Commission (2019), 50 

it was generated 35.0, 21.0 and 12.0 ·106 m3 per year of wastewater coming from Swine, 51 

Poultry and Cattle slaughterhouses, respectively. 52 

 53 

Slaughterhouse wastewaters (SWW) are rich in organic matter (blood, skin, manure) and 54 

heavy metals so they must be managed in a proper way. Among different components of 55 

SWW, FOG (fats oil and grease) comprise 2-20% of total chemical oxygen demand (CODt) 56 

in SWW (Harris, 2017). FOG typically is accumulated as fatty crust on the surface of the 57 

wastewater where they bond with hair and cellulosic material (McCabe et al., 2013) being 58 

commonly removed at the beginning of the SWW treatment process. Even after removing 59 

FOG, the direct discharge of these wastewater has negative environmental consequences 60 

such as  decreasing the dissolved oxygen levels (Andriamanohiarisoamanana, et al., 2018) 61 

or increasing thetoxic substances (Carvalho et al., 2013) and/or pathogens (Zhou et al., 62 

2018) that are dangerous to humans and aquatic ecosystems.  63 

 64 

For these reasons, in the last years, specific treatments and its combinations have been 65 

developed mainly focusing on recovering SWW valuable by-products and SWW cleaning 66 

(Amorim et al., 2007; Kist et al., 2009; Valta et al., 2015) such as: (i) land application, (ii) 67 

physicochemical treatment, (iii) biological treatment and (iv) advanced oxidation processes. 68 

Specific treatments may be applied as main, pre- or post-treatment in municipal wastewater 69 

treatment plants (WWTP). Among different treatments, anaerobic digestion (AD) is the 70 

preferred process applied to SWW due to its effectiveness in high COD removal, low 71 

sludge production (5-20%) and less energy requirements with potential nutrient recovery 72 
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and biogas production (Bustillo-Lecompte and Mehrvar, 2015).   73 

 74 

However, due to the high nutrient content in SWW (mainly fats and proteins) AD of SWW 75 

could show different problems as follow:  76 

 77 

(i) Inhibition due to the low carbon-nitrogen (C:N) ratio of substrate. The SWW is  rich 78 

in nitrogen mainly because of the presence of animal proteins, blood and urine. The 79 

nitrogen from these compounds is converted into ammonium (NH+4) and free ammonium 80 

(NH3), which are toxic for anaerobic consortia at high concentrations (Khedim et al., 2018). 81 

In this sense, the optimal C:N ratio for anaerobic co-digestion (ACoD) in literature was 15-82 

30 (Mata-Alvarez et al., 2014). 83 

 84 

(ii) Presence of toxic substances: antibiotics, used in control animal health; pathogens, 85 

(such as E. coli) from the digestive tract of slaughterhouse animals (Um et al., 2016) and 86 

detergents, used for cleaning machines in the meat production process. 87 

 88 

(iii) Competition with sulfate-reducing bacteria (SRB). SRB use sulfate as acceptor of 89 

electrons producing H2S instead of CH4. When sulfated compounds are in the medium, 90 

SRB compete with: a) Hydrolytic acidogenic bacteria (HAB) for organic matter and 91 

intermediates; b) Acetogen bacteria for Volatile Fatty Acids (VFA) such as propionic and 92 

butyric acid and c) Methanogenic bacteria for formic acid and H2 (Gibson, 1990). On the 93 

other hand, sulfur oxidizing bacteria (SOB) oxidize hydrogen sulfide and other forms of 94 

reduced sulfur under anoxic conditions to produce sulfate again (Lavy et al., 2018). The 95 

sulfur content in SWW is mainly derived from the presence of amino acids (cysteine and 96 
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methionine); drugs, (neurotoxic, neurotransmitters steroids, and hormones) bile acids, 97 

glucosaminoglycans, amines and phenols coming from blood (Olkowski et al., 1992; 98 

Waring 2000; Ding et al., 2019).  99 

 100 

(iv) Inhibition of methanogens due to the presence of FOG. During AD, hydrolysis of FOG 101 

lead to glycerol and long-chain fatty acids (LCFAs) production that are subsequently 102 

converted to short-chain fatty acids (SCFAs), acetate, H2, and biomethane (Kabouris et al., 103 

2008). The main drawback of operating with FOG as substrate in AD is the inhibition of 104 

methanogens due to high LCFAs contents. Accumulation of LCFAs changes the cellular 105 

morphology, decreases cell permeability and affects the mass transport phenomena (Palatsi 106 

et al., 2009). LCFA accumulation can be avoided by FOG removal before treating SWW. 107 

In this sense, Salama et al. (2019) proposed different pre-treatments such as mechanical 108 

(high-pressure homogenization or thermal pre-treatment), chemical (acid/alkali 109 

pretreatment) and/or biochemical (by enzymes such as lipase). These authors concluded 110 

that not only the partial pre-treatment of FOG in a separate reactor can be effective in 111 

digestion of FOG but also using an acclimatized consortium. In addition, FOG has a 112 

negative effect in sewer systems, pipes and interceptors in WWTPs (Amha et al., 2017) as 113 

well as generate sludge flotation, digester foaming and washout problems (Alves at al., 114 

2009; Long et al., 2012). 115 

 116 

FOG has been previously used as co-substrate in order to increase the C:N ratio of 117 

municipal sludge and hence increasing the biomethane potential (Salama et al., 2019). It is 118 

well-known that lipidic nature of FOG lead to higher convertibility (94.8%) to biogas 119 

compared to carbohydrate (50.4%) and protein (71.0%) rich substrates (Jeganathan et al., 120 
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2006). Some studies focused on the use of FOG as a co-substrate or substrates rich in FOG, 121 

have been developed using high-speed anaerobic technologies, obtaining a partial inhibition 122 

of methane generation due to the introduction of excessive amounts of lipids in the systems 123 

(Jenagathan et al., 2006; Fountolakis et al., 2008; Kim and Shin, 2010).  124 

 125 

Jeganathan et al., (2006) studied the mesophilic AD of rendering wastewater treated by 126 

three systems: An upflow anaerobic sludge blanket (UASB) reactor at hydraulic retention 127 

time (HRT) = 5 d; an UASB reactor at HRT = 1.25 d; and a packed bed reactor (PBR) and 128 

a UASB in series; HRT = 1.25 d. All three systems achieved high FOG and COD removal 129 

values above 80% and biomethane yield in the range of 0.32-0.37 mLCH4·g-1
CODtremoved at an 130 

organic loading of 3 kg COD·m-3. However, at higher loading rates the presence of high 131 

FOG caused a severe sludge flotation resulting in failure deteriorated sharply the 132 

biomethane production to 0.18-0.24 mLCH4·g-1 CODtremoved. 133 

 134 

Fountoulakis et al., (2008) studied the ACoD of SWW and olive mill wastewater (OMW) 135 

rich on lipids in batch and continuous stirred tank reactor (CSTR). Results obtained a 136 

partial inhibition when high organic (lipids) load was used, obtaining a methane yield of 137 

0.298 ± 0.081 m3
CH4·kg-1·CODtinitial for SWW and 0.1707± 0.018 m3 CH4·kg-1

CODinitial for the 138 

co-digestion with OMW. 139 

 140 

Kim and Shin (2010) used an UASB system to treat lipid-rich diary wastewater concluding 141 

that, as the lipid concentration increased, the lag-phase time for the secondary methane 142 

production increased. This leads to a reduction in biomethane production from 70.1 mLCH4 143 

at 1.5 gCOD-lipids ·L-1 to 27.1 mLCH4 at 6.1 gCOD-lipids ·L-1. 144 
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 145 

However, other studies claimed that the ACoD of FOG and municipal sludge improve the 146 

biomethane production as follows:  147 

(i) increasing the cumulative methane production in BMP tests by 13-90% 148 

(Kabouris et al., 2008)  149 

(ii) increasing the methane productivity in BM tests in base of initial total volatile 150 

solids (TVSinitial) by 9-116% (Davidsson et al., 2008; Kabouris et al., 2009) 151 

(iii)  increasing the biomethane production in semi-continuous operational mode by 152 

170% (Ziels et al., 2016) if the treatment lasts a long period of time (Biosantech 153 

et al., 2013).   154 

 155 

As an example, Silvestre et al., (2011) studied the ACoD of sewage sludge with grease trap 156 

waste. The results obtained showed that the biogas production increased by 138% when the 157 

grease trap addition was 23% of TVS fed at HRT = 20 d, organic loading rate (OLR) = 3.0 158 

kgCOD·(m3 d)-1. In addition, the acetogenic activity increased by 3.75 times more than the 159 

initial inoculum, which suggests the acclimatization of high FOG loads with time, reducing 160 

the inhibitory effects of LCFA.  161 

 162 

FOG can also affect the co-digestion process due to its settling/floating behaviour. Settling 163 

is a crucial operation in WWTP that occurs in primary sedimentation tanks (PST) and 164 

secondary sedimentation tanks (SST) respectively (Torfs et al., 2016). In the evaluation of 165 

the settling process, not only the final water quality should be studied, but also the 166 

sedimentation rate. Thus, at industrial scale, the rapid separation of the sludge as well as the 167 

recovery of the main clarified water using the smallest decanter is very important 168 
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(Martínez-Nieto et al., 2011). In this context, different biological technologies have 169 

emerged for SWW treatment where settling is an important part such as anaerobic 170 

sequential batch reactor (AnSBR) (Pal et al., 2016) or covered high rate anaerobic lagoon 171 

(Harris and McCabe, 2015). As an example, AnSBR combines the biological treatment and 172 

settling in the same unit simplifying the operation, saving space and improving the settling 173 

capacity of its components. In addition, the organic matter removal is improved due to 174 

increasing the retention time of present biomass (Ndegwa et al., 2008). Therefore, the 175 

sedimentation behaviour of anaerobic SWW sludge is an important parameter to improve 176 

the anaerobic SWW treatment in AnSBR. 177 

 178 

In this work, the ACoD of SWW with FOG was studied using different percentages of 179 

FOG: 0%, 1%, 5% and 10%. BMP tests were developed to select the co-digestion mixture 180 

that enhances the biodegradability and the biomethane production. Moreover, the microbial 181 

population information is revealed via fluorescent in situ hybridization (FISH) for a better 182 

understanding of the co-digestion process. Finally, the settling capacity of the samples 183 

before and after the AD process was evaluated.  184 

 185 

2. MATERIALS AND METHODS 186 

 187 

2.1 Raw samples  188 

 189 

50L of crude SWW was collected from the slaughterhouse “Matadero del Sur S.A.” from 190 

Salteras (Seville, Spain). The FOG content, accumulated on the surface of SWW, was 191 

collected separately from the same ponds and after that, it was mixed with raw SWW at 192 
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different ratios. Control tests with distilled water as sole substrate were used. Main 193 

characterizations of SWW and FOG are shown in Table 1. 194 

 195 

2.2 Inoculum 196 

 197 

The inoculum was obtained from 5L mesophilic (35 ºC) single phase reactor operating at 198 

semi-continuous mode at HRT = 20 d with sewage sludge as substrate. The main 199 

characterization parameters including pH, CODt, Soluble Chemical Oxygen Demand 200 

(CODs), C:N ratio, Total Solids (TS), TVS, Volatile Fatty Acid (VFA) and sulfates, were 201 

registered in Table 1.  202 

 203 

2.3 BMP tests 204 

 205 

Several BMP tests have been conducted to determine the optimal SWW:FOG mixture that 206 

optimize the biomethane potential (Li et al., 2015; Salama et al., 2019). BMP tests were 207 

carried out in glass bottles of 250 mL with a volume for biogas headspace of 130 mL and 208 

120 mL for substrate and inoculum. All BMP bottles (including control test), were 209 

incubated in an optic IVYMEN system orbital shaking incubator from COMECTA Model 210 

D-2102 (at 45 rpm) and at mesophilic temperature. Inoculum:substrate (I:S) ratio was 2:3 211 

v/v which correspond to 40% of inoculum, as it has been successfully previously 212 

considered optimum for biogas production and substrates acclimatization for 213 

Slaughterhouse residues (Agabo-García et al., 2019). In terms of TVS(g), I:S corresponded 214 

to 0.6; 0.56; 0.44 and 0.26 which is in the same order that those used in previous research 215 

using FOG as co-substrate (Martínez et al., 2012). Different ratios of FOG were tested 216 
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including 1% 5% and 10% w/v in order to evaluate their influence in biomethane 217 

generation. All the tests were run in triplicate as it is recommended in BMP assays 218 

(Angelidaki et al., 2009). At the beginning and at the end of the BMP tests, samples were 219 

analyzed by determining the following parameters: CODt, CODs, TS, TVS, TSS, pH, 220 

turbidity, VFA and sulfates. Biogas volume as well as biomethane concentrations were also 221 

daily recorded.  222 

 223 

2.4 Settling tests 224 

 225 

The settling test analyze the different settling regimes that a particle-liquid suspension can 226 

undergo (Torfs et al., 2016). Settling assay was developed using three samples. The first 227 

one was named as “Initial 25 ºC” and corresponds to a mixture of raw SWW and SWW 228 

with FOG used in this study. These samples are at room temperature since it is the 229 

temperature at which they are commonly generated in the Slaughterhouse. The second 230 

sample was called "Final 35 ºC" and shows the mixture of all the digested after the 231 

mesophilic digestion and kept at 35 ºC. Finally, the "Final 25 ºC" is the mixture of all the 232 

digested samples after cooling to room temperature. All these samples were strongly stirred 233 

for a proper dispersion and for particle collision at a constant speed (700 rpm) in a short 234 

period of time (5 min). Thereafter, the sample was left to settle for 28 min. In this way, the 235 

effect of temperature (25 ºC and 35 ºC) on settling capacity was studied. The sludge settled 236 

with the time was recorded and the sedimentation curves were drawn obtaining the 237 

different sedimentation speed parameters. The characterization of the substrates was 238 

developed before and after the sedimentation. 239 

 240 
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2.5 Analytical methods 241 

 242 

Analytical determinations were developed according to Standard Methods (APHA, 1995), 243 

for wastewater. pH analysis was taken by pHmeter type CRISON MICROPH 2001 with a 244 

temperature probe. For TS and TVS samples were weighed in ceramic boats in a laboratory 245 

balance Cobos type and drying in oven type ELF14 de CARBOLITE. VFAs were 246 

determined by gas chromatography, using a gas chromatography (Shimadzu GC-2010) 247 

equipped with a flame ionization detector (FID) and a capillary column filled with Nukol 248 

(Zahedi et al., 2018). The volume of gas produced in the reactor was measured directly 249 

using a high-precision Ritter drum-type flow gas meter TG-01-Series (Wet-Test). The 250 

biogas composition (H2, O2, CH4 and CO2) was determined by a methanimeter type Biogas 251 

5000 from Geo Technology S.A. 252 

 253 

2.6 Microbial population  254 

 255 

FISH was used to determine the concentration of microbial population groups in samples 256 

according to Zahedi et al. (2018). The counting of microorganisms was developed using an 257 

Axio Imager Upright epifluorescence microscope (Zeiss) equipped with a 100 W 258 

mercury lamp and a 100 × oil objective. Six microbial groups were directly determined: 259 

Eubacteria, Archaea, Butyrate utilizing acetogens (BUA), Propionate utilizing acetogens 260 

(PUA), Acetate utilizing methanogens (AUM) and SRB. In order to compare microbial 261 

population at different conditions in BMP assays, the values of number of cells was 262 

normalized calculating the relative percentages of the five different subgroups detected by 263 
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probes with respect to the total. The total was calculated by the sum of Archaea and 264 

Eubacteria.  265 

In addition, Acetogens, HAB and Hydrogen utilizing methanogens (HUM) were indirectly 266 

determined using Equations 1-3, where all the terms were referred to relative percentages of 267 

each microbial groups. 268 

 269 

                                                      %𝐴𝑐𝑒𝑡𝑜𝑔𝑒𝑛𝑠 = %𝑃𝑈𝐴 +%𝐵𝑈𝐴                                       (1)       270 

                                    %𝐻𝐴𝐵 = %𝐸𝑢𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 −%𝐴𝑐𝑒𝑡𝑜𝑔𝑒𝑛𝑠 −%𝑆𝑅𝐵                         2       271 

                                             %𝐻𝑈𝑀 = %𝐴𝑟𝑐ℎ𝑎𝑒𝑎 −%𝐴𝑈𝑀                                                 (3)       272 

 273 

The microbiological analyses of initial and final samples in BMP tests as well as the control 274 

sample were carried out in triplicate. Moreover, the methanogenic activity was calculated 275 

for each condition as the ratio of CH4 volume generated (L) and the number of initial 276 

Archaea population (cells).  277 

 278 

3. RESULTS AND DISCUSSION 279 

 280 

3.1 Samples characterization and biodegradability 281 

 282 

pH was an important parameter to be controlled for a proper anaerobic digestion process. 283 

Results showed pH values < 7.0 when FOG is used due to its low pH (Table 1).  Hence, in 284 

these cases, the samples were adjusted to the optimal value 7.0-8.0 adding NaOH 10M.  285 

 286 

CODt values of samples with <10% of FOG were in the range reported by the literature 287 
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(Table 1). However, when the highest proportion of FOG (10%) was added, the CODt 288 

became higher than reported because the presence of lipids (which have a high COD 289 

equivalent content). CODs values were low in all tests representing 34.6%; 17.9%; 14.9% 290 

and 9.9% of CODt for samples with 0%; 1%; 5% and 10% of FOG, respectively. The C:N 291 

ratios in tests with %FOG 0-5% were in the range reported by literature (Table 1). 292 

Moreover, values reported were ideal for ACoD when the tests had 5-10%FOG (Mata-293 

Álvarez et al., 2014). 294 

 295 

The majority of solids in samples were organics (Table 1) being TVS 77-84% in all the 296 

cases which are currently predominant in raw substrates. VFA content were similar in the 297 

range of the literature and higher when %FOG increased, reaching 0.329 g·L-1 for 298 

10%FOG samples. The sulfate content was similar in all samples (3.51±0.251 g·L-1) and 299 

higher than those reported in literature.  300 

 301 

Different parameters of biodegradability of wastewater have been determined, as well as 302 

the elimination percentages in BMP tests (Table 2). The results showed that the addition of 303 

FOG increased the %CODtremoval from 28.5% to a maximum value of 70% when adding 1-304 

5% of FOG obtaining final CODt values of 2-3 g·L-1. However, the %CODsremoval 305 

decreased with the increase of %FOG, being 83.8% of CODsremoval the maximum value for 306 

the test without FOG. The rest of the parameters reached an optimal value for the samples 307 

with 5-10% of FOG. Specifically, for 10% of FOG, the elimination percentages were 42.8 308 

and 47.4% for TVS and TS, respectively. It can be also observed in Table 2 the efficient 309 

capacity of ACoD for removing VFA and sulfates (99-100% elimination) from SWW with 310 

and without FOG. The removal of both VFA and sulfates is very important in order to 311 
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avoid inhibitory effects of VFA as well as competition with SRB. 312 

 313 

3.2 Biomethane potential 314 

 315 

Figure 1(a) shows the percentages of CH4 and H2S in biogas during the tests. Maximum 316 

levels of CH4 were around 70% in all the cases. However, the patterns were different 317 

depending on the FOG percentages in tests: 318 

(a) SWW with 0-1% FOG: the maximum biomethane was generated at the first 4-5 319 

days and afterwards it was decreased.  320 

(b) SWW with 5-10% FOG samples: biomethane volume was reached its maximum 321 

values at the first 10 days and it was maintained for 4-5 days approximately and it 322 

started to decreased. As it was previously mentioned, the presence of higher 323 

quantities of FOG and, consequently, of LCFAs could cause inhibition in microbial 324 

growth (Palatsi et al., 2009). 325 

 326 

In addition, as it can be seen in Figure 1(a), a little production of H2S was obtained in all 327 

the cases. Specifically, 1-2% of H2S in biogas was obtained in samples with FOG and 0.1-328 

0.5% in samples without FOG in the first 3 days of tests. This fact is probably due to the 329 

presence of SRB in inoculum and FOG and the presence of sulfates (Table 1). On the other 330 

hand, Omil et al. (1997) stated that a previous adaptation of inoculum to high content of 331 

sulfate contribute to methanogenic bacteria growth because competition with SRB. In this 332 

sense, Gallegos-García et al. (2010) reported that a CODt:SO4
-2 ratio grater than 0.67 333 

implies a coexistence of methanogenic bacteria and SRB, while SRB growth is favoured 334 

when CODt:SO4
-2 is lower than 0.67. In this work, the CODt:SO4

-2 ratios were higher than 335 
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0.67 in all the cases, therefore, initially, both bacterial populations could coexist at the same 336 

time, but then methanogenic Archaea were favoured.  337 

 338 

Different behaviours can be observed in accumulated CH4 (Figure 1(b)). For 0% and 1% of 339 

FOG, the production of CH4 started at the first day reaching maximum levels of 340 

accumulated CH4 of 61.9 and 82.6 mLCH4 respectively. However, for 5% and 10% of FOG, 341 

microbial populations needed an adaptation period and CH4 generation in was delayed 10 342 

days in both cases. As it was previously exposed, this lag-phase can be explained due to the 343 

hydrolysis of high quantity of LCFA. In this sense, several pre-treatments have been 344 

proposed in order to reduce this limiting stage.  Harris and McCabe, (2015) reviewed the 345 

different pre-treatment used in AD of high-fat SWW including mechanical methods using 346 

stirred-ball mills, high-pressure homogenisers, ultrasonicators, and less commonly, units 347 

which emit microwaves and electrical fields. Thermal and chemical treatments such as 348 

thermal hydrolysis and acid/alkali oxidative pre-treatments were also proposed. Biological 349 

pre-treatment using enzymes and bio-surfactants were also included to enhance AD. 350 

Among them, the applications of Bacillus species and its enzymes are the most common 351 

practices (Agabo-García et al., 2019 and Peng et al., 2014).  352 

 353 

So not only the initial competition with SRB is crucial for the process but also the presence 354 

of high FOG concentrations to be hydrolysed, due to it could affect the ACoD of 355 

SWW:FOG during the first days of essays. After that, CH4 generation was plausible 356 

reaching maximum values of CH4 of 112 and 196 when using 5 and 10% of FOG, 357 

respectively. 358 

 359 
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Regarding CH4 productivity values in base of COD and TVS loaded (Table 3), 193 mLCH4·g-360 

1
CODsinitial and 94.2 mLCH4·g-1

TVSinitial were obtained in test without FOG. These values were 361 

increased until 527 mLCH4·g-1
CODsinitial and 129 mLCH4·g-1

TVSinitial when the FOG percentages 362 

were increased until 10% of FOG. The same behaviour was observed for CH4 productivities 363 

in base of TVSremoved and CODsremoved, increasing the values until reaching 771 mLCH4·g-364 

1
CODsremoved and 273 mLCH4·g-1

TVSremoved) in 10% FOG test. So, 10% of FOG improved the 365 

productivity in 36-37% in base of TVS initial/removed as other results reported in the 366 

literature for sewage sludge (Davidsson et al., 2008; Kabouris et al., 2009). 367 

 368 

Comparing with similar substrates reported in literature, the addition of FOG increased the 369 

biomethane productivity. In this sense, Hejenfelt and Angelidaki (2009) studied the 370 

biomethane potential of different slaughterhouse by-products diluted with tap water. Among 371 

the different by-products, blood had a maximum methane yield of 81 mL·g-1
TVS similar than 372 

the results obtained in this study for SWW. However, they also tested the AD of tap water 373 

with 5% of pork fat obtaining the highest methane yield of 562 mL·g-1
TVS waste. These 374 

results suggested that other compounds present in SWW (explained in introduction section) 375 

can be inhibiting the AD process reducing the biomethane potential of the FOG. Vidal et al., 376 

(2016) used SWW with 1.4gCODt·L-1 obtaining higher biomethane productivity values. In 377 

this sense, they used only 25% of mesophilic inoculum highlighting the importance of 378 

establish a proper I:S ratio before AD process. Ortner et al., (2014) also obtained increased 379 

biomethane production values when a mixed of slaughterhouse substrates were added to 380 

SWW, indicating a reduced inhibition or eventually synergistic effects. One reason for 381 

higher specific yields might be the use of an inoculum well adapted to elevated ammonia 382 

levels. On the other hand, Hernández-Fydrych et al., (2019) also studied the biomethane 383 
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potential of SWW with a FOG concentration of 20%. In spite of using initial SWW with the 384 

double of TVS (2.04 ± 0.03 g·L-1), results showed lower biomethane productivity 32.7 mL·g-385 

1
TVS, due to probably the excessive amount of FOG used. 386 

 387 

However, in terms of CODt (initial and removed) the test without FOG reached the best CH4 388 

production obtaining 66.9 mLCH4·g-1
CODtinitial and 235 mLCH4·g-1

CODtremoved against 52 389 

mLCH4·g-1
CODtinitial and 79.2 mLCH4·g-1

CODtremoved in samples with 10%FOG. This could be due 390 

to the contribution of FOG particulate material that is not available for microorganisms. In 391 

fact, according to data (Table 1) CODs represent 34.6% of CODt in 0% FOG samples, 392 

decreasing until reaching 17.9% in 1% FOG, 14.9 in 5% FOG and 9.9 in 10% FOG. For this 393 

reason, multiple researchers have proposed some pre-treatments to hydrolize FOG particulate 394 

material previously to AD (Agabo-García et al., 2019; Harris and McCabe, 2015). 395 

 396 

3.3 Microbial population analysis 397 

 398 

Regarding the initial microorganism concentrations (Figure 2(a)), it was expected that 399 

samples with higher biomethane production would have higher microorganism 400 

concentrations. However, results indicated that, when the proportion of FOG was increased, 401 

the total microbial population was decreased obtaining 4.96·109 cell·mL-1, 3.80·109 402 

cell·mL-1, 3.25·109 cell·mL-1 and 2.32·109 cell·mL-1 for 0%, 1%, 5% and 10%FOG, 403 

respectively. Therefore, the supply of additional microorganisms would come from SWW 404 

rather than FOG. This microbial population use the compounds of SWW as substrate for 405 

growing-up and replicating but when the inoculum is added to the reactor, they must 406 

compete with the new microbial population in order to have available nutrient compounds. 407 
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 In general, all microbial populations were reduced when the FOG content in tests was 408 

increased. Eubacteria subgroups (Acetogens and HAB) were mainly supplied by SWW 409 

(contributing with 79.1-91.9% and 78.3-94.1%, respectively) whereas the inoculum only 410 

contributed with 8.0-20.8% and 5.8-21.7% respectively. However, 34.7-51.4% of SRB 411 

population came from inoculum. On the other hand, Archaea group was mainly supplied by 412 

inoculum. The rest of the Archaea identified came from the typical SWW rumen microbial 413 

population. Archaea concentration reached the maximum value at 0% FOG (1.18·109 414 

cells·mL-1).  415 

 416 

However, Eubacteria fraction was higher than Archaea (typical from an anaerobic digester) 417 

in all the essays showing Eubacteria:Archaea ratios that increased with the increasing of 418 

%FOG, obtaining 1.35 (0% FOG) < 1.42 (1% FOG) < 1.48 (5 and 10% FOG). This ratio is 419 

crucial for a proper AD process (Zahedi et al., 2013). In fact, this increased ratio leads to 420 

increasing in the methanogenic activity and hence biomethane production. The 421 

methanogenic activity obtained were: 4.54 10-13 L·cells-1 for SWW < 7.19· 10-13 L·cells-1 422 

for 1% FOG < 1.17· 10-12 L·cells-1 for 5% FOG < 2.33 10-12 L·cells-1 for 10% FOG.  423 

 424 

It is important to remark that in all the cases the HUM concentration was similar than AUM 425 

concentration being the HUM:AUM ratio in the range 0.8-1.0. The growth of HUM is 426 

essential to constantly remove H2 from the medium since it is a limiting parameter for the 427 

growth of Acetogens and AUM. Without HUM, anaerobic oxidation of butyrate and 428 

propionate is not possible and, therefore, acetate consumption by Acetogens and AUM, 429 

respectively, would not be possible (Zahedi et al., 2013). 430 

 431 
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Figure 2(b) shows microbial population dynamic (bars indicate the increasing or decreasing 432 

in the relative population percentage after BMP tests). The most important changes were 433 

observed for SWW without FOG, where the increasing in Eubacteria group and the 434 

decreasing in Archaea group was higher than in other substrates with FOG. 435 

 436 

In SWW samples, Eubacteria population increased only in 25% due to the increasing 437 

Acetogens subgroup (8.7%), SRB subgroup (3.5%) and HAB subgroup 9%. SRB subgroup 438 

increase was also supported by the increase in the H2S percentage at the end of BMP tests 439 

of SWW without FOG (20-25 days) (Figure 2a). HAB only suffered a slight increase 440 

probably due to the HAB population was already adapted to this kind of substrate because 441 

the inoculum has been fed with SWW. The increase in Acetogens was due to PUA (21.4%), 442 

probably because the initial concentration of propionic acid was 2.5 times greater than the 443 

concentration of butyric acid (data not shown). 444 

 445 

On the other hand, the Archaea group decreased by 27.4% as a result of the decrease in the 446 

AUM (-22.8%) and HUM (-3.6%) subgroups. In the 1% FOG and 5% FOG tests, 447 

Eubacteria also increased (17.3% and 14.6% respectively) mainly due to the increase in 448 

Acetogenic bacteria since HAB and SRB remained constant (around 3.5% and 9.0%, 449 

respectively). 450 

 451 

Regarding Acetogenic bacteria, when %FOG was in the range 1-5%, this group increased 452 

only 1.6-7.5%. However, PUA and BUA balances were different. In 1%FOG test PUA 453 

increased in 15.6% and BUA decreased in 6.09%. However, in 5%FOG test occurred the 454 

opposite: PUA was reduced in 6.99% and BUA increased in 8.59%. In this sense, the 455 
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increase of %FOG lead to decreasing in PUA percentages reaching the lowest value at 10% 456 

FOG (with a drop of -15.6%). Furthermore, BUA bacteria percentage increased with %FOG 457 

reaching the highest value (11.1%) at 10%FOG. So when the % FOG was increased, the 458 

HABs were highly active producing both propionic and butyric VFA in large quantities. 459 

However, BUA bacteria normally grow earlier than PUA since propionate is converted to 460 

acetate only after butyrate and acetate have completely degraded (Özturk et al., 1991) thus 461 

promoting the growth of BUA in detriment of PUA bacteria.  462 

 463 

In Archaea group there was a similar reduction in all tests. However, there were different 464 

tendencies depending of the Archaea subgroup observed. AUM population varied in the 465 

following order: -22.8%, -7.32%, 1.8%, 2.1%, for 0%, 1%, 5% and 10% of FOG, 466 

respectively.  This fact was in concordance with the increase in biomethane production 467 

(Figure 1 b). On the other hand, HUM was reduced with the increasing in %FOG, obtaining 468 

the maximal reduction in 10%FOG test (15.6%). 469 

 470 

3.4 Settling analysis  471 

 472 

Figure 3(a) shows the sludge sedimentation curves for both initial SWW before ACoD 473 

process (at standard conditions, 25 ºC) and final digested SWW at two different 474 

temperatures: 25 ºC and 35 ºC. It can be observed a lag-phase during the first 20 seconds in 475 

all the samples where the sludge needed to recover from disturbances caused by filling the 476 

Imhoff cone. After that a hindered settling zone followed by transition and compression 477 

zone typical from Kynch curve were detected (Kynch, 1952). Regarding the settling 478 

behaviour, the data of hindered settling zone showed a straight line (Figure 3(b)). 479 
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Therefore, it was possible to determine the sedimentation rate constant by the slope of the 480 

fitted line (Table 4). It was observed that the operating temperature affected the settling 481 

process. Thereby, settling rate of undigested and digested substrates were very similar at 25 482 

°C (34.8 mL·min-1). Nevertheless, the settling rate increased 1.76 times when the tests was 483 

performed at 35 °C, reaching 61.2 mL·min-1. Additionally, the lag-phase at 35 °C was 0.92 484 

min, lower than at 35 ºC. 485 

 486 

TSS were determined on substrates before and after sedimentation tests (Table 4). The 487 

results showed that for the undigested substrates, the TSS were 3.26 mgTSS· L-1 at 25 °C, 488 

which represents 30% of the initial TS. For digested and settled substrates, the TSS was 489 

2.42 mg·L-1 (8% of the final TS) reducing TSS concentrations almost 4 times after the 490 

anaerobic digestion operation. Turbidity was also reduced after AD and was set at 53% 491 

under both temperature conditions (25 °C and 35 °C). Since both parameters were similar 492 

for the digestates at 25 °C and 35 °C, it can be concluded that the mesophilic temperature 493 

contributed to improve the sedimentation rate of the sludge by increasing the sedimentation 494 

rate and reducing the delay phase. This effect could be explained considering the increase 495 

in inorganic content with the respective changes in particle density and viscosity of the 496 

medium (Schuler and Jang, 2007, Vlyssides et al., 2008).  497 

 498 

This study concludes that if the temperature rises to 35 °C, the sedimentation rate increases 499 

in a sedimentation test that last 0.5 h. However, other researchers conclude that at higher 500 

temperatures (> 35 ºC) the sedimentation rate of anaerobic sludge begins to decrease. In 501 

this sense, it had already been established in the 1930’s that this effect depends on the 502 

operating time (Ridenour, 1930). For a stabilization time ≤ 2 h, at temperature > 35 ºC such 503 
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as 40 ºC, there was a decrease in the sedimentation rate, but for stabilization times > 2 h no 504 

effect was observed. For this reason, the sedimentation time and temperature must be 505 

controlled in order to achieve adequate sedimentation capacity. This effect was also 506 

corroborated by Vandekerckhove et al., (2018) who observed decreasing sedimentation 507 

rates with increasing temperatures (173 mL·g−1
VSS at 30 ºC and < 100 mL· g−1

VSS values at 508 

temperatures of 40, 50 and 60 °C). 509 

 510 

It is also very important to know how much volume of both clarified wastewater and sludge 511 

will be obtained after settling stage. The volume of a sludge sample after settling could 512 

depend on multiple factors such as the composition (for example, in population of 513 

microbial filamentous organisms), floc size distributions, surface properties, and rheology, 514 

etc. (Torfs et al., 2016). In these essays, clarified wastewater volume for undigested SWW: 515 

FOG substrate was 220 mL (73.3%) whereas for digested SWW was 100 mL (33.3%) if 516 

sedimentation occurred at 25 ºC; and 70 mL (23.3%) if sedimentation was developed at 35 517 

ºC. Therefore, thermophilic conditions at 35 °C allow to obtain a more concentrated sludge 518 

after settling stage. 519 

 520 

4. CONCLUSIONS 521 

 522 

The results obtained show that, in general, the biodegradability increases with the increase 523 

of the percentage of FOG in the wastewater samples from the slaughterhouse. Optimal 524 

biodegradation occurs in samples with 10% of FOG obtaining CODtremoval = 66.2% and 525 

TSremoval = 42.8% compared to wastewater samples from slaughterhouses without FOG 526 

(CODtremoval = 28.5% and TSremoval = 27.9%). However, the degradation of VFA and 527 
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sulfates were practically complete in all the samples. In general, all the percentages of FOG 528 

studied (1-10%) improved ACoD of SWW:FOG mainly due to the increase of AUMs. 529 

Optimal biomethane productivity results were obtained when samples contained 5-10% of 530 

FOG, reaching 562 and 777 mLCH4·g-1
CODremoved, respectively against 230 mLCH4·g-531 

1
CODremoved in samples without FOG. At these % of FOG, the HABs were highly active 532 

leading to an increase of AUMs (mainly PUA) and hence increasing the methanogenic 533 

activity 2.5 and 5 times with respect to the AD of SWW as sole substrate. In addition, 534 

mesophilic temperatures increased the sedimentation rate of the digestate by 1.76 times in 535 

the subsequent sedimentation operations carried out for 28 min. 536 
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 720 

Figure Captions 721 

 722 

Figure 1      (a) Squares, 0% FOG samples: white, %CH4 in biogas and black, %H2S in 723 

biogas. Triangles: 1% FOG samples: upward %CH4 in biogas, downward 724 

%H2S in biogas.  Diamonds: 5% FOG samples: grey %CH4 in biogas and white 725 

%H2S in biogas. Stars, 10% FOG samples: black, %CH4 in biogas and light 726 

grey %H2S in biogas. (b)White circle: 0% of FOG; Grey triangle: 1% of FOG; 727 

Crossed square: 5% of FOG; Black diamond: 10% of FOG. 728 

Figure 2.  (a) Microbial community in the beginning of the BMP tests.  White fill colour: no 729 

pattern, 0% of FOG; horizontal lines, 1% of FOG; vertical lines, 5% of FOG. 730 

Light grey fill colour: no pattern, 10% of FOG. Black fill colour: no pattern, 731 

inoculum. 732 

(b) Difference in microbial population between initial and final conditions in 733 

BMP tests. White fill colour: no patter, Eubacteria; horizontal lines, Acetogens; 734 

vertical lines, PUA, diagonal lines, BUA. Light grey fill colour: horizontal lines, 735 

SRB; no pattern, HAB. Dark grey fill colour: vertical lines, Arch; horizontal, 736 

AUM. Black fill colour: no pattern, HUM. 737 

 738 

Figure 3    White circle: Initial mixture of samples after BMP tests; Light grey square: 739 

Final sample after settling test developed at 25 ºC; Black diamond: Final 740 

sample after settling test developed at 35ºC. 741 

 742 

 743 
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 745 

List of Figures 746 

Figure 1. (a) Percentages of CH4 and H2S in biogas in different samples during AD 747 
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Figure 1. (a) Temporal behaviour of CH4 and H2S (percentages in biogas); (b) 

Accumulated CH4 in biogas. 
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Figure 2.  (a) Microbial community in the beginning of the BMP tests; (b) Difference in 

microbial population between initial and final conditions in BMP tests. 
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Figure 3. Kynch curve. Y –axis settleded volume; X-axis time of operation (a) Curve of 

sedimentation and enlarged view of lag phase (b) Hindered settling zone adjustments with 

slope values. 
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Table 1. Physic-chemical characterization of inoculum, raw samples (SWW and FOG) in 

this work and in the literature, and initial mixed samples. 

Samples 
 Values (g/L) 

pHa CODt CODs C:Nb TS TVS VFA Sulfates 

Inoculum 8.1 8.9 2.03 9.2 8.10 4.93 0.06 1.2 

SWWthis work 7.2 2.8 1.7 10.3 1.44 0.95 0.37 3.7 

SWWliterature
c 

5.0-

7.8 

0.2-

15.0 

0.7-

10.1 

0.1-

21.9 

3.36-

3.88 

2.29-

0.55 
0.12-1.78 0-0.8 

FOG this work 6.2 14.9 2.4 - 143 125 0.50 1.7 

FOGliterature
d 

4.0-

5.2 

253-

1500 
- - 

117-

724 

104-

728 
0-0.9    - 

0% 7.5 7.7  2.7  9.9 7.76  5.48 0.19 2.7 

1%  6.7 12.7  2.3 13.8 8.58 5.88 0.28 2.7 

5%  6.2 16.4 2.4  16.8 11.8  7.50 0.30 2.7 

10% 6.9 31.2 3.1  28.6 19.60 12.6 0.33 2.6 
apH units; bC:N, without units. Literature: Mittal 2004; Aziz et al., 2019; Prazeres et al., 

2019 dLiterature: Martín-González et al., 2011; Salama et al., 2019. 
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Table 2. Removal percentages of main biodegradability parameters for SSW 

FOG 

concentrations 

% Removal 

CODt CODs TS TVS VFA Sulfates 

0% 28.5 83.8 27.9 46.1 100 100.0 

1% 70.0 65.9 36.8 40.2 100 90.0 

5% 70.0 68.1 41.1 45.6 100 91.1 

10% 66.2 68.3 42.8 47.4 100 90.6 
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Table 3. Methane productivity in terms of COD and TVS loaded and 

removed of after anaerobic process. 

  

Substrate 

CH4 productivity (mLCH4·g-1) in terms of: 
 

Initial Removed 

CODt CODs TVS CODt CODs TVS Reference 

SWW 67 193 94 235 230 205 This work 

SWW:FOG(1%)  54 302 117 77 399 290 This work 

SWW:FOG(5%)  57 382 124 81 562 273 This work 

SWW:FOG(10%)  52 527 129 79 771 273 This work 

SWW(Blood)  - - 81 - - - 

Hejnfelt and 

Angelidaki, 

2009 

SWW 302 - 492 - - - 
Ortner et al., 

2014 

SWW 125 - - - - - 
Vidal et al., 

2016 

SWW:Other by-

products 
311  799 - - - 

Ortner et al., 

2014 

Tap Water:FOG(5%)  - - 562 - - - 

Hejnfelt and 

Angelidaki, 

2009 

SWW:FOG(20%)   32.7    

Hernández-

Fydrych et al., 

2019 
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Table 4. Quality and settling parameters in initial raw substrates at 25 ºC and in digested- 

settled final raw substrates at 25 ºC and 35 ºC. 

Substrate 
TSS 

(% of TS) 

Supernatant 

volume (%) 

Turbidity 

(NTU) 

CODt 

(g·L-1) 

Lag phase  

(min) 

Settling rate  

(mL·min-1) 

Initial 25 ºC 30 73.3 1320 2.88 1.11 34.7 

Final 25 ºC 8 33.3 698 0.971 2.03 34.9 

Final 35 ºC 8 23.3 706 0.908 0.92 61.2 
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